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Abstract

Matheus TCU, Menezes WMM, Rigo OD, Kabayama LK,
Viana CSC, Otubo J. The influence of carbon content on
cyclic fatigue of NiTi SMA wires. International Endodontic
Journal, 44, 567-573, 2011.

Aim To evaluate two NiTi wires with different carbon
and oxygen contents in terms of mechanical resistance
to rotary bending fatigue (RBF) under varied parame-
ters of strain amplitude and rotational speed.

Methodology The wires produced from two vac-
uum induction melting (VIM) processed NiTi ingots
were tested, Ti-49.81at%Ni and Ti-50.33at%Ni, named
VIM 1 and VIM 2. A brief analysis related to wire
fabrication is also presented, as well as chemical and
microstructural analysis by energy dispersive spectros-
copy (EDS) and optical microscope, respectively. A
computer controlled RBF machine was specially con-
structed for the tests. Three radii of curvature were
used: 50.0, 62.5 and 75.0 mm, respectively, Ry, R,

and Rj3, resulting in three strain amplitudes ¢,: 1.00%,
0.80% and 0.67%. The selected rotational speeds were
250 and 455 rpm.

Results The VIM 1 wire had a high carbon content of
0.188 wt% and a low oxygen content of 0.036 wt%. The
oxygen and carbon contents of wire VIM 2 did not exceed
their maximum, of 0.070 and 0.050 wt%, according to
ASTM standard (ASTM F-2063-00 2001). The wire with
lower carbon content performed better when compared
to the one with higher carbon content, withstanding
29 441 and 12 895 cycles, respectively, to fracture.
Conclusions The surface quality of the wire was
associated with resistance to cyclic fatigue. Surface
defects acted as stress concentrators points. Overall, the
number of cycles to failure was higher for VIM 2 wires
with lower carbon content.
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Introduction

NiTi (nickel-titanium) alloys are one of the best shape
memory alloys (SMA), with applications in the aero-
space industry, in robotics and medicine and dentistry.
In dentistry, the major uses are in orthodontics and
endodontics, and the property of superelasticity is
essential for these applications (Bahia et al. 2005).
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Scientific and technological progress has allowed
improvements in endodontic instruments, mainly in
terms of mechanical properties. It is possible to produce
endodontic files machined from superelastic NiTi SMA
that allows rapid and effective biomechanical prepara-
tion of the root canal. However, a major concern when
using NiTi rotary instruments is the possibility of
unexpected failure because of flexural fatigue during
the rotation of an instrument in a curved root canal.
Usually, the file does not exhibit a visible indication that
the failure will occur, especially when it is misused
(Sattapan et al. 2000, Lopes et al. 2001).

For NiTi SMA wires, the fatigue loading could be
influenced by factors such as surface defects and
precipitates that may act as stress concentrators.

International Endodontic Journal, 44, 567-573, 2011

567



568

Different carbon contents Matheus et al.

Through chemical and microstructural characteriza-
tion of superelastic NiTi alloys, it is possible to detect
the presence of TiC particles from carbon contamina-
tion during the melting stage of the production process.
Usually NiTi SMA are produced by vacuum induction
melting (VIM) using a graphite crucible that contam-
inates the bath with carbon, and the degree of
contamination depends upon the crucible quality.
Consequently, the wire produced by these materials
will also contain different amounts of carbon content
and therefore different amounts of TiC particles, thus
influencing the resistance of the wire to rotary bending
fatigue (RBF) tests (Matheus et al. 2007, Menezes et al.
2008).

The RBF tests have emerged as a standard test for the
structural fatigue test of shape memory wires used in
endodontic applications. Fatigue rupture life decreased
as wire diameters increased from 1.0 to 1.4 mm, and
reduced rupture life was observed as rotational speeds
were increased from 100 to 800 rotations per min
(rpm) (Wagner et al. 2004). According to the literature
(Sawaguchi et al. 2003), fatigue life decreases as the
strain amplitude increases.

When considering the application of NiTi wire to
produce endodontic files, several NiTi wires were
produced and tested at the Instituto Tecnologico de
Aeronautica-ITA using RBF tests to evaluate cyclic
fatigue resistance, varying parameters such as carbon
and oxygen contents, radius of curvature of the wire
and rotational speed. In this study, an apparatus for the
RBF test is described.

Materials and methods

Two VIM processed NiTi ingots were tested, Ti-
49.81at%Ni and Ti-50.33at%Ni with different carbon
and oxygen contents, hereafter named VIM 1 and VIM
2. These materials had their chemical composition of
matrix and impurities determined through the X-ray
fluorescence spectroscopy (XRFS). The ingots were then
hot forged and cold drawn down to 1.0 mm in
diameter wire. The cold drawing was achieved with a
15% area reduction per pass with intermediate anneal-
ing at 500 °C for 10 min. The cold drawn wire was
heat treated and straightened (memorized) in a tube
furnace at 400 °C under an axial stress of 125 MPa.
Microstructural analysis was carried out after wire
drawing, and the TiC particle distribution was evalu-
ated in an ‘as polished’ condition using an optical
microscope and scanning electron microscopy (SEM).
The presence of TiC particles was determined by energy
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Figure 1 NiTi wire mounted in rotary bending fatigue device,
test control by microcomputer.

dispersive spectroscopy (EDS) (Gall et al. 2001). The
wire surface and fracture surface after the RBF tests
were evaluated through SEM analysis.

A RBF device (Sawaguchi et al. 2003, Wagner et al.
2004, Patel 2005, Figueiredo et al. 2006) is shown in
Fig. 1, indicating the bent wire forced in rotation by the
holding grip connected to a driving motor. A low-
friction nylon® bearing lubricated with MoS, grease
was used to minimize torsional friction of the wire. The
number of cycles, the rotational speed and the time to
failure of the wire were automatically controlled by a
computer. The number of cycles until the wire failure
was recorded by a magnetic sensor.

Three radii of curvature of the wires were used: 50.0,
62.5 and 75.0 mm, respectively, denoted as Ry, R, and
R;, resulting in three strain amplitudes ¢, of 1.00,
0.80% and 0.67%. The selected rotational speeds were
250 and 455 rpm (Sawaguchi et al. 2003, Wagner
et al. 2004). Three samples with 1.0-mm-diameter wire
were tested for each condition of radius of curvature
and rotational speed of the wire. The tests were carried
out at room temperature kept at 20 °C.

Results

The chemical compositions of the wires are shown in
Table 1. The wire VIM 2 is a nickel-rich alloy, with its

Table 1 Nickel, carbon and oxygen content in the vacuum
induction melting (VIM) 1 and VIM 2 alloys

Ni (at%) C (wt%) O (wt%)
VIM 1 49.81 0.188 0.036
VIM 2 50.33 0.052 0.057
ASTM F-2063-00 2001 - 0.050 max 0.070 max
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Figure 2 Metallographics samples vac-
uum induction melting (VIM) 1 (a) and
VIM 2 (b) with 1.37 mm diameter, with
no acid etching.

97% Ti content

Ti/

Ti

Figure 3 Energy dispersive spectroscopy
analysis on the precipitates.

oxygen and carbon contents not exceeding a maximum
of 0.070 and 0.050 wt%, according to ASTM standard
(ASTM F-2063-00 2001). The wire VIM 1 had a high
carbon content of 0.188 wt%, therefore well above the
established limit and a low oxygen content of
0.036 wt%. As a result (Fig. 2), the VIM 1 alloy had
a high density of TiC precipitates compared to the VIM
2 alloy, as predicted by chemical analysis (Table 1).
The EDS analysis on the precipitates indicated high Ti
content (approximately 97%; Fig. 3), which is in
agreement with data reported elsewhere (Gall et al.
2001).

The RBF test results when varying strain amplitude
(¢) and rotational speed (w) are shown in Tables 2 and
3. Starting with @ = 250 rpm for VIM 1, the number
of cycles, N; increased as the strain amplitude
decreased; the maximum individual value was
108 323 cycles. Except for the last datum, the average
performance of VIM 2 was marginally better than that
of VIM 1. The influence of increase in rotational speed,
lowering the average N; values for both wires, can be
seen in Table 3. Again, except for the last datum for
&, = 0.67%, the better performance of VIM 2 is also
demonstrated. Figs 4 and 5 summarize the N; values

© 2011 International Endodontic Journal

T 1
5 10

Energy (keV)

Table 2 Rotary bending fatigue tests results for the rotational
speed of 250 rpm

250 rpm
Curvature radius/strain M1 ViM 2
amplitude N Average N Average
50 mm 1.00% 21014 29815 43835 38301
34903 48 285
33529 22 785
62.5 mm 0.80% 17779 30171 28 281 31380
36 385 41714
36 351 24 147
75 mm 0.67% 61441 68754 52 571 39 497
36 500 40 856
10 8323 25 336

VIM, vacuum induction melting.

for both wires as a function of strain amplitude and
rotational speed.

Figure 6 demonstrates that the wire surfaces for
both VIM 1 and VIM 2 are smooth without defects,
and these wires withstood a significantly larger num-
ber of cycles before failure. The VIM 1 wire withstood
more than 100 000 cycles at the lowest strain
amplitude and lowest rotational speed. At the highest
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Table 3 Rotary bending fatigue tests results for the rotational
speed of 455 rpm

455 rpm
Curvature radius/strain VM1 VM 2
amplitude N Average N; Average
50 mm 1.00% 10339 12895 24 855 29 441
14 028 29 694
14 320 33775
62.5 mm 0.80% 7229 9057 35323 29127
11 580 25 665
8362 26 395
75 mm 0.67% 50 203 41733 39363 37570
37911 34 955
37 087 38 394

VIM, vacuum induction melting.

strain amplitude of 1.00% but with the same rotational
speed, the result presented by VIM 2 was 48 285
cycles at failure.

The worst result was presented by VIM 1 with
Ny = 7229 cycles, showing a very large longitudinal
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Figure 4 Average N; values as a function of strain amplitude
and rotational speed, @ = 250 rpm.
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Figure 5 Average N; values as a function of strain amplitude
and rotational speed, @ = 455 rpm.
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Figure 6 Wire surfaces with no defects: (a) vacuum induction
melting (VIM) 1, & = 0.67%, o = 250 rpm, N; = 108 323
and (b) VIM 2, ¢, = 1.00%, o= 250 rpm, Ny = 48 285 (b),
scanning electron microscopy.

crack nucleated at the fracture (Fig. 7a). For VIM 2,
the worst result was 24 147 cycles with intermediate
strain amplitude and lower rotational speed, and
fracture was nucleated at a fold-like defect, as can be
clearly seen in Fig. 7(b). The lightest condition (lower
strain amplitude and lower rotational speed) with the
worst result for wire VIM 2 is shown in Fig. 8,
showing a scratch-like defect (promoted by the wire
drawing stage), presenting breakage with 25 336
cycles.

Discussion

It must be highlighted that the superelastic shape
memory wires used in this study exhibited a unique
property and could be bent into a semicircular shape
(with a radius as small as 50 mm) and forced into
rotation for many cycles before they failed. The RBF
rupture data reported in this study are in good
qualitative agreement with previously published results
(Sawaguchi et al. 2003).

In relation to the chemical compositions of the
wires, the nickel content of wire VIM 1 is about 0.52%
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Figure 7 Wire and fractures surfaces of: (a) vacuum induction
melting (VIM) 1 ¢, = 0.80%, w = 455 rpm, N; = 7229 with
longitudinal cracks and (b) VIM 2, ¢, = 0.80%, @ = 250 rpm,
N; = 24 147 with folding-like irregularities, scanning electron
microscopy.

Figure 8 Vacuum induction melting 2 wire and fracture
surfaces, ¢, = 0.67%, v = 250 rpm, N; = 25 336 cycles with
scratch like defects, scanning electron microscopy.

lower than that of VIM 2. According to the nickel
content, wire VIM 1 should present a higher martens-
itic transformation temperature compared to wire VIM
2; however, as shown in Table 4, their martensitic

© 2011 International Endodontic Journal

Table 4 Transformations temperatures, in °C

Ms Mp Mg As Ap Ar
VIM1  -95  -18 -275  -56 41 129
VIM 2 2.8 49  -162 6 17 27.2

Ms martensite start, Mp martensite peak, Mg martensite finish,
Ag austenite start, Ap austenite peak, Ar austenite finish; VIM,
vacuum induction melting.

transformation temperatures are almost the same
(Otubo et al. 2008). As shown in Table 4, both wires
are superelastic at room temperature. This result
comes from the very high carbon content of VIM 1,
0.188 wt%, which is 3.6 times higher than that of
VIM 2, 0.052 wt%. As shown in an earlier work, the
presence of carbon, besides interfering in mechanical
performance, modifies the martensitic transformation
temperature. Carbon reacts with titanium forming TiC
to modify the Ni/Ti relation and transform the matrix
to be richer in nickel, therefore, lowering the mar-
tensitic transformation temperature (Otubo et al.
2008).

The influence of mechanical parameters (strain
amplitude and rotational speed) was smaller for VIM
2 than for VIM 1, but for both alloys, the N; values
decreased with increasing strain amplitude and rota-
tional speed (Tobushi et al. 1997, Sawaguchi et al
2003, Patel 2005). Also, there was a significant effect
of wire diameter on fatigue rupture life, thicker wires
fractured earlier than thin wires and higher rotational
speeds were associated with lower rupture lives
(Sawaguchi et al. 2003). According to Fig. 4, the
influence of strain amplitude was stronger for VIM 1
than for VIM 2. This behaviour can also be observed
in Fig. 5. On average, the alloy VIM 2 was more
fatigue-resistant than the alloy VIM 1, showing the
positive influence of the low carbon content for
increasing the fatigue life. However, for the strain
amplitude of 0.67%, the results were better for VIM 1
wires than for VIM 2, at 250 rpm and at 455 rpm,
and these results should be associated with the surface
quality of the wires. The large data scatter seen in
Tables 2 and 3 is attributed to the surface quality of
the wires, as seen before. It was expected that the VIM
2 wire should present better performance than VIM 1,
which did not occur. Corroborating with the above
statement, the best results for both wires VIM 1 and
VIM 2 were found in the wires with no surface defects
as they withstood a significantly larger number of
cycles before failure, as expected. According to the
literature (Sawaguchi et al. 2003, Prymak et al

International Endodontic Journal, 44, 567-573, 2011

571



572

Different carbon contents Matheus et al.

2004), the fracture initiation processes are dependent
on the presence of defects such as cracks, scratches,
folds and extrusion-like surface irregularities, which
can be associated with large data scatter in N
Similarly, for endodontic instruments, the sources of
cracks were usually found at the cutting edge or radial
land region, which are the stress concentrator points
owing to machining defects. This is to be expected
because when a circular wire is bent, its crystallo-
graphic orientation in the outside region is subjected
to the greatest stress and strain. Indeed, the first
fatigue crack often is initiated at the surface (Cheung
& Darvell 2007).

Taking into account the carbon content, the VIM 1
wire should have had a less satisfactory performance
when compared to VIM 2, but this behaviour was
sometimes influenced by the surface quality, as shown
in the results of this work. Therefore, to enhance the
effect of carbon content on the performance in RBF
tests, the quality of the wire surface should be
improved. In that way, it is possible to separate the
effect of surface quality from the influence of carbon
and oxygen contamination on the performance of the
wire in RBF test. As a consequence, the better
understanding of those effects will contribute to the
definition of raw material for the production of
improved endodontic instruments.

Conclusions

NiTi wire production is feasible, and the test apparatus
could be used for RBF tests. On average, the number of
cycles to failure was higher for VIM 2 wires with a
lower carbon content, as expected. However, the best
result was found in the defect-free VIM 1 wire with
more than 100 000 cycles before wire fracture. The
worst result occurred with the VIM 1 wire with 7229
cycles to failure owing to a large longitudinal crack.
Thus, the presence of surface defects associated with
mechanical processing plays an important role for RBF
resistance, masking the effect of carbon content. The
quality of the wire should be improved to better
understand the real effect of carbon on RBF perfor-
mance.
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